1. The method proposed by Rognstad & Katz [(1976) Arch, Biochem, Biophys, 177, 337-345] for the determination of the fructose 6-phosphate/fructose 1,6-bisphosphate cycle by the randomization of carbon between C-1 and C-6 of glucose glucose formed from [1-14C] galactose was applied to anaesthetized rats and conscious mice. 2. It was checked that the hydrolysis of fructose 6-phosphate by glucose 6-phosphatase is too weak to invalidate the method. The participation of the Cori cycle in the randomization was negligible within the short experimental period used (2-4 min). 3. No detectable randomization of carbon was observed in starved animals, indicating that phosphofructokinase is inactive in this experimental condition. 4. Randomization of carbon was detected as soon as 1 min after administration of [1-14C] galactose to fed animals and was maximal at about 3-4 min. It was calculated that on average 15% of the glucose formed by the liver to fed rats was recycled through the triose phosp
1. The method proposed by Arch. Biochem. Biophys. 177, 337-3451 for the determination of the fructose 6-phosphate/fructose 1,6-bisphosphate cycle by the randomization of carbon between C-1 and C-6 of glucose formed from [1-14C] galactose was applied to anaesthetized rats and conscious mice. 2. It was checked that the hydrolysis of fructose 6-phosphate by glucose 6-phosphatase is too weak to invalidate the method. The participation of the Cori cycle in the randomization was negligible within the short experimental period used (2-4min). 3. No detectable randomization of carbon was observed in starved animals, indicating that phosphofructokinase is inactive in this experimental condition. 4. Randomization of carbon was detected as soon as 1 min after administration of [1-14C] galactose to fed animals and was maximal at about 3-4 min. It was calculated that on average 15% of the glucose formed by the liver of fed rats was recycled through the triose phosphates. The extent of cycling was quite variable. Recycling was also observed in starved rats in which glucose had been administered intravenously 10min previously. In these animals, recycling was completely inhibited by glucagon. 5. The main factors that appear to be responsible for the very large changes in recycling observed in various experimental conditions are the concentrations of fructose 1,6-bisphosphate and of fructose 6-phosphate and also the affinity of phosphofructokinase for fructose 6-phosphate. The concentration of nucleotides does not seem to play a role.
The simultaneous operation of phosphofructokinase and of hexose bisphosphatase in the liver would allow a so-called futile recycling of metabolites between fructose 6-phosphate and fructose 1,6-bisphosphate. Several methods have been proposed to measure this cycle. Those based on the release of 3H20 from [3-3H1-or [5-3H] -glucose are subject to criticism or have poor sensitivity (for reviews, see Hue, 1980) . Recycling of hexoses to the level of triose phosphates can also be detected by randomization of carbon between the upper and the lower halves of the C6 molecule, as is expected to occur by the combined action of aldolase and triose phosphate isomerase. measured the presence of 14C in C-6 of the glucose formed from [ 1-'4C] galactose by isolated hepatocytes. They observed an easily detectable randomization of carbon, which they attributed to the fructose 6-phosphate/fructose 1,6-bisphosphate futile cycle (see Scheme 1). This randomization was greatly diminished by glucagon or ethanol.
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However, it must be noted that the randomization of carbon is a proper measurement of the futile cycle only if the interconversion of fructose 6-phosphate and triose phosphates does not occur by other mechanisms than the phosphofructokinase/hexose bisphosphatase antagonism. This assumption may, however, not be correct. Indeed, Beaufay & de Duve (1954) The conversion of hexose 6-phosphates to triose phosphates may occur through: (I) phosphofructokinase and aldolase; (II) glucose 6-phosphatase, fructokinase and aldolase; (III) the Cori cycle, liver glycogen after administration of [ 1-4C]-fructose to rats indicates that there is more radioactivity in C-1 than in C-6 (Hers, 1955) . The transaldolase-catalysed exchange would have resulted in more radioactivity in C-6.
In the present paper, the validity of the method of has been reconsidered and the possibility of participation of glucose 6-phosphatase in the conversion of fructose 6-phosphate into triose phosphates has been ruled out. We have then applied this method to rats and mice in vivo, under conditions in which recycling of metabolites through the Cori cycle was minimized. We have simultaneously analysed the concentration of metabolites in the liver as well as the activity of the two forms of phosphofructokinase described by several groups of workers (Castafio et al., 1979; Kagimoto & Uyeda, 1979; Pilkis et al., 1979; Nieto & Castanio, 1980 Somogyi, 1941) . The mixture was centrifuged and 1 ml of the supernatant was passed through a column (0.5cm x 4cm) of Dowex AG 1 (X8; formate form) to remove labelled anions. The eluate (4 ml) was then heated for 5 min at 1000 C to destroy contaminating traces of phosphoglucoisomerase; after cooling, the solution was treated with 5,ug of hexokinase and 30,umol of MgATP adjusted to pH 7 with KOH and the total volume made up to 5 ml with water. This mixture was incubated for 30min at 300C and then heated at 1000C for 5min. It was then cooled and passed again through a column (0.5cm x 4cm) of Dowex AG 1 (X8; formate form).
The column was washed with 3ml of water, which removed the radioactive galactose, and with 3ml of 1M-NaCl, which eluted glucose 6-phosphate. The latter fraction was incubated for 3h at 30°C in the presence of 20,ug of alkaline phosphatase/ml, 1 mmMgCl2, 0.1 mM-ZnCl2 and 30mM-borate adjusted to pH9 with HCl, in a total volume of 3.5 ml. A 2ml portion of this solution was used for periodation of glucose and determination of the radioactivity present in C-6 by the method of Bloom (1962) acid], 100mM-KF and 15mM-EGTA adjusted to pH 7.4 with KOH. After centrifugation for 15 min at 60000g, the clear supernatants were frozen in solid CO2 in acetone until further processed. The activity was assayed spectrophotometrically at room temperature (20-220C) at pH7.1 with suboptimal (0.25mM) and saturating (5mM) concentrations of fructose 6-phosphate in the assay mixture of Castanio et al. (1979) . Auxiliary enzymes were desalted on Sephadex G-25. Samples (50,u1) of the thawed supernatant were preincubated for 5 min at room temperature in the presence of all the constituents of the assay except MgATP, which was added to start the reaction. The reaction rate decreased during the first 5min and then remained almost constant for another 5min; this latter rate was taken for the measurement of the activity after correction for controls which were run without fructose 6-phosphate. There was indeed a slight blank value attributable to the activity of NADH oxidase. As previously noted by other authors (Underwood & Newsholme, 1965; Emerk & Frieden, 1975) , the order of addition of substrate, the pH and the final dilution of the extract were important factors to obtain reproducible results.
Measurement ofmetabolites
Glucose (Huggett & Nixon, 1957) , glucose 6-phosphate and fructose 6-phosphate (Hohorst, 1963) , fructose 1,6-bisphosphate and triose phosphates (Biicher & Hohorst, 1963) , ATP (Lamprecht & Trautschold, 1963) , ADP and AMP (Adam, 1963) were measured in neutralized perchlorate extracts by enzymic methods as indicated. Isolation ofmicrosomalfraction from the liver Microsomal fraction was isolated from rat liver by the method of Kamath & Rubin (1972) , then washed five times in 8 mM-CaCl2 and finally resuspended in 0.25 M-sucrose. The recovery of glucose 6-phosphatase in the last pellet was 74%, whereas no phosphoglucoisomerase activity could be detected. Glucose 6-phosphatase activity was measured by the release of Pi from glucose 6-phosphate and fructose 6-phosphate as described by Hers (1964) .
Results

Specificity ofglucose 6-phosphatase
The kinetic parameters for the hydrolysis of glucose 6-phosphate and fructose 6-phosphate were measured with a purified microsomal preparation.
Glucose 6-phosphate was hydrolysed with a Vmax of 9,umol/min per g of liver and a Km of 2.2 mM.
Fructose 6-phosphate was hydrolysed with a Vm..
-of only 3,umol/min per g of liver, and its Km value (28 mM) was more than 10 times that for glucose 6-phosphate.
Experiments with anaesthetized rats
As illustrated by Fig. 1 , the rate of galactose utilization and glucose formation was approxinately the same in fed and starved rats. Galactose was rapidly utilized during the first 2 min after its administration; radioactive glucose was hardly detectable at 30 s and its concentration increased rapidly during the next 2 min. In contrast, there was a great difference between the two experimental conditions 
1980 in the amount of the radioactivity recovered in C-6 of the newly formed glucose. This amount was barely detectable in the starved rats (Fig. la) , whereas in fed animals it increased progressively during the first 3 min and levelled off at values which, although quite variable, could be as high as 10% of the total radioactivity of the sugar. These variations were observed in each group of experiments independently of the time of day at which they were performed. Several examples of such experiments are shown in Figs. 1(b)-I(e).
On the basis of this time course we have performed blood and liver sampling at 3min after the administration of galactose. Table 1 shows that, at that time, the mean value of randomization in blood glucose from fed animals was 20-40-fold greater than that observed in starved animals. The administration of glucose to starved rats 10min before the experiment greatly decreased the conversion of galactose into glucose, presumably because it favoured its conversion into glycogen; remarkably, the proportion of radioactivity found in C-6 of the glucose formed was comparable with that observed in fed animals. The administration of glucagon cancelled these two effects of glucose in the starved animals, although it was without action on the randomization of carbon in fed rats. Control experiments performed with [1-14Clglucose under similar conditions yielded a higher randomization in fed than in starved rats. The values recorded were smaller than those obtained with [ 1-14C]galactose as a precursor. Table 2 shows the concentration of several metabolites measured in livers under the various experimental conditions investigated. Starvation was characterized by a remarkably low concentration of fructose 1,6-bisphosphate (one-sixth of the value in the fed animals) and hexose 6-phosphates. The concentration of ATP was decreased, whereas those of ADP and AMP were increased. The administration of glucose to starved rats increased the concentration of all sugar phosphates to the value found under conditions of feeding, but was without influence on the concentration of the nucleotides. In all experimental conditions, glucagon increased the concentration of hexose 6-phosphates, as expected, but decreased that of fructose 1,6-bisphosphate, except in starved animals, in which this concentration was already very low. It also increased the concentrations of ADP and AMP at the expense of ATP. Table 3 shows the activity of phosphofructokinase, measured at low and high concentrations of fructose 6-phosphate, and the ratio of these two values (activity ratio). This ratio is an index of the (10) state of activation of the enzyme. It was decreased by starvation and by glucagon, and these two effects were additive. Starvation also induced a small but significant decrease in Vmax Glucose counteracted the effect of starvation on both Vm.x and activity ratio.
Experiments with conscious mice
Since all the experiments described in the preceding section were performed on anaesthetized animals, it was important to check to what extent anaesthesia by itself could be responsible for some of the results observed. For this purpose, conscious mice rather than rats were chosen because of the ease of injection into the tail vein. From the kinetic properties of the microsomal glucose 6-phosphatase previously described by Beaufay & de Duve (1954) , one calculates that the enzyme produces nearly one-tenth as much fructose as glucose from a mixture of hexose phosphates maintained at the equilibrium of phosphoglucoisomerase. Assuming that half of this fructose is reconverted into glucose, and knowing that in the course of this transformation one-third of C-I atoms are randomized with those at C-6 (Hers, 1955) , one would expect to find as much as 1.5% of the radioactivity in C-6 of the glucose formed from [1-'4C] Beaufay & de Duve (1954) , the presence of a trace amount of isomerase in the microsomal fraction would allow the formation of Pi from fructose 6-phosphate by a two-step mechanism which would mimic the direct hydrolysis. From our data, one calculates that the amount of fructose formed by the liver would be about 1% of the amount of glucose. This amount is too small to invalidate the method.
The participation of the Cori cycle is presumably minimal under our experimental conditions because of the short duration of the experiments. Furthermore, in the anaesthetized rats, the precursor galactose was presented directly to the liver, whereas the labelled glucose formed was later greatly diluted in the whole mass of the body water. The randomiz- with again a great variability. One therefore concludes that phosphofructokinase is operative in the livers of most, but not all, fed animals.
The maximal randomization observed was close to 10% and the mean value was about 5%. A quantitative estimation of the fructose 6-phosphate/ fructose 1,6-bisphosphate cycle from these data must take into consideration the incomplete equilibration of triose phosphates revealed by previous work performed with specifically labelled fructose. Indeed, it has been repeatedly found (Hers, 1955; Landau & Merlevede, 1963; Rauschenbach & Lamprecht, 1964; Williams & Landau, 1972 ) that about one-third of the radioactivity recovered in liver glycogen or glucose formed from [ 1-14Clfructose was in C-6 instead of the 50% expected if the randomization had been complete. We will thus take as an assumption that 33% is the maximal randomization that could be obtained after a single passage through the cycle. It therefore appears that, on average, 15% of the glucose formed by the liver of fed animals has been recycled through the triose phosphates. The maximal value could be close to 30%.
Absence ofrecycling in the starved animal
The absence of randomization of carbon in the glucose formed by the starved animal allows one to conclude that there is no recycling between fructose 6-phosphate and fructose 1,6-bisphosphate in this experimental condition. Since gluconeogenesis is an active process in these animals, it appears that glycolysis is not operative and that phosphofructokinase is inactive. The physiological relevance of this observation is obvious in a condition in which gluconeogenesis is essential for survival. The presence of an inactive phosphofructokinase may be explained by a decreased concentration of both fructose 6-phosphate and fructose 1,6-bisphosphate (Table 2) and by a lower affinity of the enzyme for its substrate (Table 3) .
Effect ofglucose
The near-complete inability of the livers of starved rats to convert fructose 6-phosphate into fructose 1,6-bisphosphate was rapidly reversed by glucose administration. This dramatic effect of glucose can be explained by an increased concentration of the substrate fructose 6-phosphate or of the activator fructose 1,6-bisphosphate (Table 2) , or by a stable change in the kinetic properties of phosphofructokinase (Table 3 ). The last change may result from a secretion of insulin, which is known to antagonize the inactivating action of glucagon on phosphofructokinase (Castafio et al., 1979) .
Effect ofglucagon
Glucagon was previously shown to decrease Vol. 192 greatly the fructose 6-phosphate/fructose 1,6-bisphosphate cycle in isolated hepatocytes and to inactivate phosphofructokinase in similar preparations (Castaiio et al., 1979; Kagimoto & Uyeda, 1979; Pilkis et al., 1979) . This second effect could therefore explain the first one. However, in vivo, there was a dissociation between these two effects, since the first one was only observed in starved rats in which phosphofructokinase had been re-activated by administration of glucose, but not in fed rats. By contrast, the second effect was observed in both conditions. Other changes, such as an increased concentration of fructose 6-phosphate, a decreased concentration of fructose 1,6-bisphosphate and the conversion of ATP into ADP and AMP, were observed in both fed and starved animals, although to a variable degree. The concentration of hexose phosphates was indeed markedly higher in the liver of fed than of starved animals.
Finally, it must be recalled that the well-known inactivation of pyruvate kinase by glucagon (Engstr6m, 1978) would favour the return of labelled triose phosphates to glucose and thus increase randomization. The complexity of this system therefore prevents a simple conclusion to be drawn.
Regulation ofthe activity ofphosphofructokinase
Since this activity appears to play a major role in the control of the fructose 6-phosphate/fructose 1,6-bisphosphate cycle, it is of interest to identify the factors responsible for the remarkable difference in its activity in the livers of fed and starved rats as well as after glucagon treatment. The activity of phosphofructokinase is indeed influenced by several effectors (see Hofmann, 1976) .
Fructose 6-p'osphate. The saturation curve for fructose 6-phosphate is sigmoidal, so that any change in substrate concentration will greatly affect the enzyme activity. Accordingly, the hexose 6-phosphate concentration is low in starvation and is increased by the administration of glucose. The fact that a high concentration was reached on administration of both glucose and glucagon to starved rats when recycling was minimal indicates that factors other than substrate concentration play a major role in the control of phosphofructokinase activity.
Fructose 1,6-bisphosphate. This metabolite, the product of the reaction, is a well-known stimulator which will amplify the action of other positive effectors. As shown in Table 2 , the concentration of fructose 1,6-bisphosphate was remarkably low in all conditions in which recycling was almost nonexistent. Our data do not allow us to say whether this low concentration of fructose 1,6-bisphosphate is the cause or the result of the low activity of phosphofructokinase.
Nucleotides. ATP, which is a substrate of the reaction, is known as an inhibitor of phosphofructokinase, whereas AMP is a stimulator. It is apparent from Table 2 that variations in the concentration of these two nucleotides should cause changes in activity of phosphofructokinase which are the opposite of what was actually observed. Change in the kinetic properties of phosphofructokinase. The data of Table 3 indicate that both glucagon treatment and starvation decreased the activity of phosphofructokinase when measured at low substrate concentrations. This observation would be in agreement with the hypothesis that the enzyme has been converted into a less-active form characterized by a lower affinity for fructose 6-phosphate (Castanio et al., 1979; Kagimoto & Uyeda, 1979; Pilkis et al., 1979; Nieto & Castanfo, 1980) . As suggested by these authors, this change in activity may result from covalent modification of the protein, for example by phosphorylation catalysed by the cyclic AMP-dependent protein kinase; another interpretation could be that changes in the concentration of a ligand, possibly fructose 1,6-bisphosphate, tightly bound to the enzyme may be responsible for the observed inactivation.
An increase in Vm.. of phosphofructokinase by glucose and re-feeding has been observed by Brand & S6ling (1975) and by Brand et al. (1976) , and these changes in activity were interpreted in terms of phosphorylation of the enzyme by a specific protein kinase.
Isfructose bisphosphatase regulated?
The concentration of fructose 1,6-bisphosphate in livers of starved rats was one-sixth of that in fed rats, yet gluconeogenesis is known to be faster in the former condition. It therefore follows that fructose bisphosphatase activity is controlled by factors other than substrate concentration. Fructose bisphosphatase has been described as being phosphorylated (Riou et al., 1977) , but to date there is no convincing evidence for a change in activity. It is of interest to recall that purified hexose bisphosphatase inactivates purified phosphofructokinase (see Hofmann, 1976) and that this effect has been explained by the removal of the activator fructose 1,6-bisphosphate (S6ling et al., 1977) .
Comparison with other work
Because of the presence of transaldolase, which exchanges the lower half of fructose 6-phosphate with triose phosphates without participation of phosphofructokinase (Hue & Hers, 1974) , the attempts made to measure the fructose 6-phosphate/ fructose bisphosphate cycle in the liver by the release of 3H20 from [5-3Hlglucose may give false positive results. All conclusions based on this methodology require to be reconsidered (for reviews, see Hue 1980 ). The use of [3-3H1-glucose is not subject to the same criticism, and several groups of investigators (Hue & Hers, 1974; Dunn et al., 1976) came to the conclusion that the loss of 3H20 from this precursor was the same as from 16-3Hlglucose, and therefore was entirely accounted for by the participation of the Cori cycle even in the fed state. This negative result concerning the existence of a fructose 6-phosphate/ fructose bisphosphate cycle in the liver of fed animals is therefore in contradiction with the data in the present paper. However, as pointed out by , the methodology based on 3H20 release may not be sensitive enough to detect a recycling, which may be small in comparison with the Cori cycle; this methology also appears not to be entirely specific. In other work (Chenoweth & Dunn, 1978; Dunn & Chenoweth, 1979) , based on the use of [3-3H,6-14C]glucose, the randomization of carbon between the lower and upper halves of glucose over a 90min period was taken as a measure of the Cori cycle. Since this randomization also reflects the fructose 6-phosphate/fructose bisphosphate cycle, that work is difficult to interpret. Note Added in Proof (Received 27 August 1980)
The second interpretation proposed for the effect of glucagon to change the kinetic properties of phosphofructokinase has been confirmed, and the ligand has been tentatively identified as fructose 2,6-bisphosphate (Van Schaftingen et al., 1980) .
